S U M MARY The extent of axonal dysfunction in a group of patients with diabetes mellitus has been investigated using recently introduced quantitative techniques of electromyography. In 40 diabetic patients, estimates of motor unit numbers in the extensor digitorum brevis muscles and measurements of the parameters of electrically evoked motor unit potentials therein are presented, along with significant correlations between these parameters and motor nerve conduction velocities and distal motor latencies in the lateral popliteal nerves. The results indicate that axonal dysfunction and concomitant collateral reinnervation are prominent and integral features of the neuropathy of diabetes mellitus. Axonal dysfunction is present in proportion to and parallels the severity of the demyelinative lesion. It is also extensive in patients without clinical evidence of neuropathy in whom the accompanying collateral reinnervation is of sufficient magnitude to mask the clinical signs of motor involvement.
There are many reports in the literature on the electrophysiological abnormalities in the peripheral nerves of patients with diabetes mellitus (Gilliatt et al., 1961; Mulder et al., 1961;  Gilliatt and Willison, 1962; Gregersen, 1967; Lamontagne and Buchthal, 1970) . These studies have been confined largely to attempts to correlate the clinical manifestations and/or histopathological appearances with slowing of conduction in motor and sensory nerve fibres or both, in some cases supplemented by needle EMG studies. The electrophysiological methods used have provided some quantitative data on the sensory nerve function but only qualitative information on the pathophysiological changes in the peripheral motor nerves.
Histopathological studies have indicated that the predominant abnormality in diabetic neuropathy is segmental demyelination and remyelination (Thomas and Lascelles, 1966; Chopra et al., 1969) , although Dolman (1963) found evidence of axonal loss and the changes of neurogenic atrophy in some muscle biopsies. Electrophysiological studies have also provided some evidence of axonal dysfunction in the form of fibrillation potentials and reduced EMG interference pattern to voluntary effort (Mulder et al., 1961; Lamontagne and Accepted 20 December 1976 Buchthal, 1970). Brown and Feasby (1974) noted a reduction in motor unit numbers in some of their patients but were unable to indicate the relative roles of axonal dysfunction and demyelinative block in producing these changes. That a disturbance of axonal function is present in some patients with diabetic neuropathy is not, therefore, in doubt. Since, however, quantitative electrophysiological information has not hitherto been available, the relative importance of axonal dysfunction in the pathogenesis and evolution of the neuropathy has not been elucidated.
The purpose of the present paper is to report the results of the application of a quantitative method for the estimation of motor unit numbers in the extensor digitorum brevis (EDB) muscles of a group of diabetic patients, together with the changes in the measurable parameters of electrically evoked motor unit potentials from the same muscle obtained by a computer subtraction method (Ballantyne and Hansen, 1974a, b) .
The relative roles of axonal dysfunction and segmental demyelination in diabetes mellitus are discussed in the light of motor unit estimations, motor nerve conduction velocities, and the quantitative changes in the motor unit potential parameters in patients with and without clinical evidence of neuropathy.
Methods
The composition and placement of the surface recording electrodes over the EDB muscle, the properties of the stimulating electrodes over the anterior tibial nerve at the ankle, and the details of the rate and strength of stimulation used to evoke motor unit potentials have been described previously (Ballantyne and Hansen, 1974a) . The amplification and display systems, the computer handling of data for the estimation of motor unit numbers in the EDB muscle, and the computer derivation of the parameters of electrically evoked motor unit potentials have also been reported (Ballantyne and Hansen, 1974a, b MUC=n (M) where A(M)=area of supramaximally evoked muscle action potential A(n)=area of the compound muscle action potential containing n MUPs (Ballantyne and Hansen, 1974a) . By a process of template subtraction the computer also displays the first n sequentially recruited MUPs in isolation. For example, subtraction of template 1 from template 2 will display MUP 2, subtraction of template 3 from 4 will leave MUP 3 in isolation, and so on. The latencies, durations, amplitudes, and areas of the MUPs are then measured. Amplitudes and areas are provided by the computer while latencies and durations are measured manually from a computer printout (Ballantyne and Hansen, 1974b patients, duration of diabetes, and so forth, it is nevertheless pertinent to report such associations as we have found. We have confirmed the observation of Gregersen (1967) The age of the patients at the onset of diabetes is not important in determining the presence or absence of neuropathy. While the duration of diabetes in the symptomatic group was longer than in the asymptomatic group, the difference was not statistically significant. When, however, we examined the whole group of diabetics, the relationships between fastest motor nerve conduction velocities, motor unit numbers, and duration of diabetes indicated that the risk of developing diabetic neuropathy increased with time. While no attempt was made in the study to grade the clinical severity or efficiency of control of diabetes, it is perhaps worthy of note that 75% of the symptomatic patients in the study were receiving treatment with insulin, while only 36% of the asymptomatic patients were on similar therapy.
MOTOR UNIT POTENTIAL LATENCIES
The latency of the motor unit potential (MUP) is measured to the initial deflection of the potential on a computer printout (Ballantyne and Hansen, 1.974b ). This latency is the time taken for a nerve impulse generated in the anterior tibial nerve at the ankle to traverse the motor axon to its point of branching in the EDB muscle, plus the time for conduction over the shortest intramuscular branches of the parent axon and the delay at the neuromuscular junction. The mean latency of these motor unit potentials was significantly increased in the diabetic group as a whole and in the two subgroups of diabetic patients. The MUP latencies were greatest in those patients who had the most marked slowing of FMNCVs and the greatest prolongation of SDMLs (Tables 1 and 2) . These are the patients with conventional electrophysiological signs of neuropathy. On the assumption (see later) that a preferential loss of fast-conducting motor axons has not occurred, those motor axons which have a reduced conduction velocity are likely to have a similar alteration of conduction velocity in their distal branches. This is supported by the significant negative correlation between shortest distal motor latencies and fastest motor nerve conduction velocities. Slowing of conduction in the intramuscular nerve fibres may also be due to intrinsically slow impulse propagation in immature collateral sprouts involved in reinnervation (Desmedt and Borenstein, 1976; Stalberg, 1976) . Since only the shortest intramuscular nerve twigs of the motor unit contribute to the MUP latency, it is unlikely that slow conduction in immature sprouts produces a significant effect on MUP latency but it may be more relevant to the prolongation of MUP duration.
MOTOR UNIT POTENTIAL DURATIONS
As recorded from the relatively large surface electrode, MUP duration is determined by the differences in conduction time through the intramuscular nerve network of the motor axon, the conduction velocities of the action potentials of the muscle fibres of the unit, the absolute lengths of the muscle fibres, and the degree of dispersion of their endplates around the recording electrode (Ballantyne and Hansen, 1974b) . Since there is no evidence to the contrary we have assumed that the electrophysiological properties of the muscle fibres in diabetic patients are similar to those of control subjects. That the prolonged durations of the motor unit potentials in the diabetic patients are due, at least in part, to reduction of motor nerve conduction velocity is supported by the demonstration of a significant negative correlation between FMNCVs and mean MUP durations, and a significant positive correlation between mean MUP latencies and durations Hansen, 1975, 1976) . The slowing of conduction velocity in the intramuscular nerve fibres produces an accentuation of the differences in conduction time over those fibres, a reduction in the temporal synchronisation of the responses of the muscle fibre action potentials with a consequent prolongation of the duration of the motor unit potential (Ballantyne and Hansen, 1974b) . It is, however, possible in denervating diseases of muscle that there are other influences which tend to reduce the duration of the MUP. A 'dying back' type of degeneration of the longest intramuscular branches of the motor axon would reduce the absolute length differences between the remaining shortest and longest branches with a reduction in the differences in conduction time therein and resultant shortening of the duration of the MUP. The balance between these opposing influences (slowing of conduction in the intramuscular nerve fibre and loss of the longest intramuscular nerve branches) will determine whether the MUP duration is decreased, normal, or increased. This hypothesis will be elaborated in a later communication.
The negative correlation between MUP dura- (Adams et al., 1962; Gilliatt, 1973) , and electrophysiological evidence in the form of fibrillation potentials is not found (Robert and Oester, 1970) . The changes we have found in MUP parameters are, therefore, the result of axonal dysfunction which is marked in patients with and without neuropathy.
The principal pathological lesion in diabetic neuropathy is segmental demyelination and remyelination (Thomas and Lascelles, 1966; Chopra et al., 1969) although some evidence of axonal degeneration can be found in severe or chronic cases (Chopra et al., 1969) . However, in mild and less severe cases the predominant abnormality is segmental demyelination (Gilliatt, 1973) . Axonal loss was noted by Dolman (1963) who also found evidence of neurogenic atrophy in muscle biopsies in some 30% of cases. Electrophysiological changes in the form of fibrillation potentials (Mulder et al., 1961; Lamontagne and Buchthal, 1970) and reduction in the interference pattern on voluntary effort would indicate that a degree of axonal dysfunction is present in diabetic neuropathy, and while Brown and Feasby (1974) (McDonald, 1962 (McDonald, , 1963 Cragg and Thomas, 1964; Lehmann, 1973) . These investigations have largely involved the correlation of conduction velocities with histopathological evidence of demyelination. It will, however, be apparent from our results that conduction velocity studies alone will give little indication of the presence or severity of a concomitant axonal disturbance which, in the case of motor axons, is revealed by the quantitation of the induced pathophysiological changes in the muscle. Many of the investigations of segmental demyelination involve acute lesions in previously healthy nerve fibres, and these have shown a capacity for rapid remyelination and the re-establishment of normal conduction velocities (Gilliatt, 1973) . Significant axonal dysfunction may be absent in these cases, and indeed, in the more acute demyelinating neuropathy associated with the Guillain-Barr6 syndrome, we have found evidence of an axonal dysfunction (Martinez-Figueroa et al., 1977) but this is less severe than in our patients with diabetic neuropathy. Gilliatt (1973) stated that 'repeated cycles of myelin breakdown and repair produce effects on conduction velocity' [and presumably other parameters] 'very different from those seen in a single demyelinative episode produced in the experimental animal'.
In the group of diabetic patients as a whole, mean motor unit potential durations have a significant positive correlation with shortest distal motor latencies. Mean motor unit potential amplitudes and mean motor unit potential areas each show a significant positive correlation with shortest distal motor latencies. In addition, mean motor unit potential durations, amplitudes, and areas individually have a significant negative correlation with motor unit numbers. The relationship that these correlations indicate can be summarised as follows: as the number of motor units in the EDB muscle falls there is a progressive increase in the durations, amplitudes, and areas of the potentials of viable motor units. In other words, the progressive reduction in motor unit numbers is accompanied by a progressive and proportionate increase in the amount of collateral reinnervation. It is a necessary corollary of this statement that the severity and extent of muscle fibre denervation is also in proportion to the reduction in motor unit numbers. The severity of axonal dysfunction is, therefore, in proportion to the reduction in motor unit numbers. We have, however, noted a strong positive correlation between motor unit numbers and fastest motor nerve conduction velocities, and a significant negative correlation with shortest distal motor latencies (Figs. 1 and 2 ) and, since it is well established that the slowing of conduction velocity in demyelinative neuropathies is an index of the severity and extent of that demyelination, we can modify our conclusions as follows: as the severity of demyelination increases there is a progressive and proportionate reduction in motor conduction velocity, a corresponding fall in motor unit numbers and a progressive and proportionate increase in the amount of muscle fibre denervation and collateral reinnervation.
Axonal dysfunction is a prominent and integral part of the neuropathy of diabetes mellitus. It is present in proportion to and parallels the severity of the demyelinative lesion in that condition. The efficiency of the collateral reinnervation which accompanies the axonal dysfunction is such as to mask the clinical signs of motor neuropathy in the milder cases. 
